Introduction {#Sec1}
============

Highly pathogenic avian influenza (HPAI) H5N1 virus was detected in the Middle East (Egypt, Iraq, Iran, Israel, Jordan, Kuwait, Palestinian Territories) between November 2005 and March 2006. The virus was detected in Sudan and Djibouti in April 2006 and in Saudi Arabia in March 2007 (Williams and Peterson [@CR13]). Of these countries, Egypt has been most severely affected. Poultry production in Egypt is present in many diverse forms, from large- and small-scale commercial sectors, to 'traditional' household poultry (HP) keeping.

HPAI due to the H5N1 subtype was first reported in poultry in Egypt in February 2006 (World Organization for Animal Health (OIE), [@CR9]), and the first human case was reported in March 2006. The government allowed avian influenza (AI) vaccination in poultry shortly thereafter. During the period covered by this study (July 2007 to April 2009), AI vaccination was the main tool used to control HPAI in HP in Egypt. Some countries such as India and Bangladesh refrained from using vaccination as part of their control and prevention strategy (Food and Agriculture Organization of the United Nations (FAO), [@CR2]). The General Organization for Veterinary Services (GOVS) is responsible for AI vaccination campaigns in Egypt. During the study period, four bi-annual house-to-house mass vaccination campaigns were implemented. In total, 212.5 million doses of inactivated AI vaccines, mainly of H5N1 but also H5N2 viruses, were used. The objectives of these campaigns were to reduce the virus load and transmission.

The combined impact of the vaccination coverage (VC), vaccine efficacy (VE), and different types of HP production on overall vaccination effectiveness, in terms of protection of the population, were neither sufficiently studied nor well documented in Egypt. Proper understanding of these factors, however, provides an insight into probable flock immunity levels and thereby, a clue to the effectiveness of the vaccination strategy (VS) in terms of attaining the desired objectives.

Participatory approaches were employed to collect data to be fed into a "population and vaccination model" version 8.1 (FAO 2008---unpublished consultancy report), to calculate the cumulative annual flock immunity (CAFI): the percentage of bird × weeks protected by immunity.

The objective of the present study was to compare the current AI VS adopted for the HP sector in Egypt with three alternative strategies in terms of the CAFI, and recommend a suitable AI VS.

Materials and methods {#Sec2}
=====================

The model {#Sec3}
---------

The 'population and vaccination model' was developed to estimate the impact of different vaccination strategies on CAFI. It simulates the dynamic poultry population of a village, updating the status of the population at weekly intervals. The model also simulates development of immunity in the population in response to vaccination. A key output of this model is CAFI, which is calculated for any time period and for all or a subset of the population (species, breed, age group) as follows:$$\documentclass[12pt]{minimal}
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Where ΣnSib = the sum of successfully immunised bird × weeks (i.e., considered protected) within a given poultry population across *n* weeks; ΣnTnb = the sum of all present bird × weeks within the same poultry population across *n* weeks (irrespective of their immunity status). Because the model recalculates both the total number of birds present and birds immune on a weekly basis, the units in the CAFI equation are bird × weeks. In this paper, the CAFI result is presented as a percentage, and the period of calculation is 52 weeks.

In mixed-village flocks (with multiple species/breeds presenting different production and vaccination response characteristics), the flock was modelled using separate models for each sub-population. The overall CAFI is an aggregate of the CAFIs of each sub-population weighted by the relative proportion of each sub-population in the total village flock.

Study population and data collection {#Sec4}
------------------------------------

The characteristics of HP production in different localities was studied based on data collected in 34 randomly selected (out of 413) villages in Dakahlia (DK) governorate. Additionally, 12 villages were purposively selected from Minya, Asyut and Qena governorates. DK governorate is located in Lower Egypt where several village typologies are present. The remaining governorates are from Upper Egypt (UE) where there is more evident heterogeneity in village typology.

A group of public veterinarians, having received training on participatory epidemiology, collected raw data that were analyzed and used as model inputs, providing village flock production (Table [1](#Tab1){ref-type="table"}) and vaccination parameters. Vaccination parameters included frequency and timing of vaccination campaigns per year, VC, number of recommended vaccinations per species per annum, number of vaccinations implemented per species per annum, VE and the duration of immunity (DOI) following the initial and booster shots.Table 1Values for flock parameters, based on average values from villages in DK governorate (values in brackets are specific for UE governorates)Flock parametersBCSasso chickenSDPekin duckGeeseTurkeyStarting and brought-in flockApproximate percentage of adults per breed in village0.32 (0.67)--0.18 (0.49)0.02 (0)0.33--Ratio adult male to total adults0.09--0.300.40 (0.22)0.40 (0.22)0.33SeasonalityEgg layingNoNoNoNoWinterNoEgg setting (to hatch)NoNoNoNoWinterNoAdult female populationNoNoNoNoNoNoBrought-in stockNoNoNoNoNoNoEgg laying and hatchingAverage eggs laid/year per bird180--41 (26)1502031Proportion of eggs consumed or sold0.98--0.050.800.050.05Egg incubation (weeks)334444Hatchability (proportion)0.700.700.730.730.700.81Sales proportion of hatchlings sold out as day-old birds----0.05------Age stages Chicks  Age limit (final week in stage)6383128  Typical stage mortality0.150.20.250.180.100.40  Sales proportion of surplus chicks sold as reared chicks------0.05--0.05 Growers  Average age at removal (final week in stage)211026123024  Typical stage mortality0.040.20.040.180.100.04 Young breeders  Average age at sexual maturity262630305238  Typical stage mortality0.040.040.040.040.100.04  Sales proportion of survivors sold out as breeders0.050.050.050.050.05-- Adults  Average age at removal156104104104260104  Typical annual adult mortality0.010.010.010.010.010.01*BC* Balady Chicken, *SD* Sudani Duck

The process of data collection involved interviews with village key informants, a transect walk involving 15--20 house visits with individual interviews, observation of household birds and finally, group meetings with key informants and producers, where preliminary findings were verified and data gaps were filled in. Of the 46 studied villages, due to data quality concerns, information collected from only 21 villages (14 in DK and 7 in UE) were used in the model simulations.

Estimation of VC {#Sec5}
----------------

VC was estimated using the following formula:$$\documentclass[12pt]{minimal}
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The relationship between village size and VC was statistically analyzed using Pearson\'s correlation coefficient (*r*).

Modelling different vaccination strategies {#Sec6}
------------------------------------------

The DOI was a variable vaccination parameter considered in the model. As prescribed by vaccine manufacturers, the value used as DOI for chicken and turkey was 24 weeks. For duck and geese, however, the DOI is either 4 or 16 weeks depending up on the absence or presence of a booster dose. The fixed vaccination parameters were as follows: (1) two vaccination campaigns per year with starting times set at week 1 and week 27, respectively; (2) the duration of the campaign lasting 1 week and (3) 80 % VE. The VE level used in the model is the minimal required protection level (i.e., 80 %) as determined by the Central Laboratory for Evaluation of Veterinary Biologics for the registration of AI vaccines in Egypt. The vaccination parameters and the village flock production parameters were fed into the model and four VS scenarios (Table [2](#Tab2){ref-type="table"}) were simulated.Table 2Parameters of the modelled four VS scenariosScenario 1Scenario 2Scenario 3Scenario 4Number of campaigns per year2222VC per campaignReal VCReal VC70 %70 %Number of dose per campaign1111booster vaccination for waterfowlNoNoYesYesVC of brought-in stocks0 %80 %0 %80 %

Results {#Sec7}
=======

Poultry flock composition and dynamics {#Sec8}
--------------------------------------

Six major categories of species and breeds with distinct production parameters (Table [1](#Tab1){ref-type="table"}) were found in village flocks. These were indigenous (Balady) chicken (BC); Sasso and other hybrid chickens; Sudani ducks (SD) and Pekin and other meat ducks, geese and turkey. In general, BC was the largest category present in villages, and sometimes homebred but generally bought from outside sources including hatcheries, peddlers, markets or farms. The age at which the BCs were bought by households ranged from 1--30 days. These birds were raised either for meat and/or egg production. Conversely, home breeding was the main source of SD and geese. Sasso and other hybrid chickens, Pekin and other meat ducks were often brought to households at age of 1--21 days from the fore-mentioned sources of BC, these types of chicken and ducks are kept for short duration as growers, and slaughtered at 2.5--3 months old.

Estimation of VC {#Sec9}
----------------

The estimated VC showed great variation between villages. It ranged between 1--48 % (*n* = 21, median 14 %). Village size was negatively correlated with VC (Fig. [1](#Fig1){ref-type="fig"}; *n* = 21, *r* = −0.49, *P* = 0.026).Fig. 1Negative correlation between estimated village size and VC

CAFI {#Sec10}
----

The CAFI predictions for the 21 villages under the four VS scenarios are presented in Table [3](#Tab3){ref-type="table"}.Table 3Predicted CAFI in 21 villages under the four VS scenariosVillage numberAverage number of poultry per householdPercentage of waterfowl (%)Predicted CAFIScenario 1 (%)Scenario 2 (%)Scenario 3 (%)Scenario 4 (%)1234118384966247452251376334650163837624273311443967538313164427264829155036677603554237688564321573170914351740497010672972341611118271448407112292623739661337582145366214306253335661517121754477516105521044336717486611414484181418430527019259851467320349223466221433911434169Median11414067

Flock characteristics and CAFI {#Sec11}
------------------------------

Statistical analysis revealed that CAFI is negatively correlated with standing flock size, and the proportion of waterfowl in the village. When VC is fixed at 70 %, a booster dose for waterfowl is given and when none of the brought-in stock are immune, the predicted CAFI decreases significantly as the average number of birds kept per poultry household increased (*n* = 21, *r* = −0.640, *P* = 0.002) and as the proportion of waterfowl increased (*n* = 21, *r* = −0.524, *P* = 0.015) (Table [3](#Tab3){ref-type="table"}).

VC and CAFI {#Sec12}
-----------

The CAFI for each village under scenario 1 has been plotted against the estimated VC in each village (Fig. [2](#Fig2){ref-type="fig"}). The model calculates the number of doses used under the different scenarios. The ratio between the numbers of doses in scenario 3 and the numbers of doses in scenario 1 was plotted against the estimated VC (Fig. [3](#Fig3){ref-type="fig"}), the resulting curve indicates for different levels of real VC the multiplying factor for the number of vaccine doses that would be required to evolve from scenarios 1 to 3.Fig. 2Predicted CAFI in 21 villages under real VC (scenario 1)Fig. 3The multiplying factor for the number of vaccine doses required to evolve from scenario 1 to scenario 3

Discussion {#Sec13}
==========

The countries in which HPAI H5N1 virus is currently considered endemic include Bangladesh, China, Egypt, Indonesia, Vietnam as well as the Indian State of West Bengal (Hinrichs and Otte [@CR3]). Waves of AI outbreaks may occur in poultry populations in endemic areas whenever large parts of the population are left with a low level of immunity as a result of low VC (Magalhaes et al. [@CR8]).

The present study represents an assessment of the interaction of VS with poultry production parameters that affect population dynamics on the CAFI. The level of village CAFI depended on the VE and VC achieved. The latter varied between villages but was generally low. The 80 % VE level is in agreement with results obtained by Terregino et al. ([@CR11]), who confirmed that conventional vaccine is sufficient to prevent infection in the majority of birds challenged with a contemporary H5N1 Egyptian strain, and results obtained by Lebdah and Shahin ([@CR6]), who found an 80--92 % protection level in chickens vaccinated with either H5N1 or H5N2 vaccines.

CAFI is also affected by the flock composition and production parameters. The six categories of poultry species and breeds distinguished at village level differed in terms of sources, numbers, turnover and production goals. These differences influence the results achieved by the adopted VS. SD and geese are homebred so they can only be immunised by vaccination at household level, and in that sense, the adopted VS is appropriate for them. However, the modelled CAFI is questionable because the required booster shot for waterfowl is rarely given. Also, unlike the seasonal hatching of geese, hatching of Sudani ducklings is continuous which creates a steady increase in the proportion of unvaccinated ducks in the time between campaigns, with subsequent quick decline in the CAFI in the SD population.

For Pekin duck, the CAFI modelled under the adopted strategy was limited because the required booster shot was not given and the short cycle (4--6 weeks) results in rapid removal of vaccinated Pekin ducks (to be replaced by unvaccinated ones). For BC, the level of CAFI achieved was largely dependent on the reason for keeping them. When the focus was solely on egg production, hens were kept for years with few new introductions. In such flocks, high levels of CAFI could be maintained with the adopted VS if VC was good. In contrast, when BCs were mainly kept as growers, turnover was greater and introductions occurred throughout the year, and levels of CAFI declined under the adopted VS, unless brought-in stock was also vaccinated.

Possible reasons for the negative correlation between standing flock size and CAFI in scenario 3 include that keeping high numbers of poultry requires more stock to be brought in (not immune in this scenario), while the negative correlation between proportion of waterfowl and CAFI can be attributed to the fact that DOI in waterfowl is shorter than the campaign interval (especially if booster shots are not delivered).

AI vaccination in free-range poultry flocks is usually implemented as periodic campaigns and new hatched chicks are generally not vaccinated between vaccination campaigns (Lesnoff et al. [@CR7]). The high and recurrent costs, technical difficulties, and epidemiological drawbacks of large-scale, open-ended and blanket vaccination programmes call for careful targeting of vaccination (Hinrichs et al. [@CR4]). This study demonstrated the key beneficial influence on CAFI that may be achieved by vaccination of brought-in birds at source. In Egypt, it is common for village households to purchase birds at 3 or 4 weeks old that are reared at nursery farms. Targeting vaccination efforts at these nursery farms, all year round, would improve CAFI of HP populations.

Conclusion {#Sec14}
==========

Few countries are in a position to support government-funded mass vaccination campaigns (Food and Agriculture Organization of the United Nations [@CR2]). The strategy of intensive countrywide vaccination as used in Vietnam was not implemented in Egypt and other biosecurity measures are not yet fully implemented (Kim et al. [@CR5]). Nevertheless, and particularly, in HPAI-endemic countries, AI vaccination remains one of the main disease control options. This study highlights the importance of understanding key parameters such as VE, VC and campaign planning based on the different characteristics of the village poultry production in order to design and implement suitable AI vaccination strategies. The modelling outputs highlighted the difficulties in maintaining good flock immunity in HP with two vaccination rounds per year (Desvaux et al. [@CR1]). The modelling approach may have a potential for extrapolation and could serve as a basis for similar studies on other major poultry diseases. Despite the enormous effort put into rural household poultry AI vaccination by the Egyptian government, village CAFI is unlikely to be maintained at the levels required to significantly reduce the virus load and restrict transmission. Reducing HPAI H5N1 viral load and transmission requires maintenance of high levels of flock immunity. This will require massive additional financial means, and it is questionable if it can be logistically feasible. The adopted AI VS of HP in Egypt has possibly become a net negative risk factor in the spread of the infection (Peyre et al. [@CR10]). This is due to the fact that the positive impact in terms of raised CAFI is minimal while at the same time, the risk of transmitting HPAI among villages by the vaccination teams is a distinct possibility. AI vaccination absorbed 80--90 % of the budget for HPAI control put at the disposal of GOVS (Peyre et al. [@CR10]). Targeted surveillance is needed in order to ensure that the protection achieved by mass vaccination is converted into a reduction in the likelihood of HPAI outbreaks occurring (Walker et al. [@CR12]). The poor CAFI predicted by the model under the adopted VS suggests that more holistic packages of prevention and control measures should be explored. A package of surveillance and outbreak management measures, plus possibly targeted vaccination strategies (e.g., vaccination of birds at nursery farms) could be more effective. Before deciding on the continued use of vaccination as a tool for controlling HPAI, the outcome and the high cost of the vaccination campaigns must be compared with other available control measures in terms of cost-effectiveness and feasibility.
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